Adaptive survival requires the coordination of nutrient availability with expenditure of 27 cellular resources. For example, in nutrient-limited environments, 50% of all S. 28 cerevisiae genes synchronize and exhibit periodic bursts of expression in coordination 29 with respiration and cell division in the Yeast Metabolic Cycle (YMC). Despite the 30 importance of metabolic and proliferative synchrony, the majority of YMC regulators are 31 currently unknown. Here we demonstrate that the INO80 chromatin-remodelling complex 32 is required to coordinate respiration and cell division with periodic gene expression. 33 Specifically, INO80 mutants have severe defects in oxygen consumption and 34 promiscuous cell division that is no longer coupled with metabolic status. In mutant cells, 35 chromatin accessibility of periodic genes, including TORC-responsive genes, is relatively 36 static, concomitant with severely attenuated gene expression. Collectively, these results 37 reveal that the INO80 complex mediates metabolic signaling to chromatin in order to 38 restrict proliferation to metabolically optimal states. 39 40 Gowans et al. 3 65 OX, when oxygen consumption is reduced (Reductive Building phase, RB), genes 66 Gowans et al. 4 involved in DNA replication and mitochondrial biogenesis are up-regulated. 67 Subsequently, genes involved in glycolysis and the environmental stress response are 68 up-regulated during periods of low oxygen consumption in the Reductive Charging (RC) 69 phase. This temporal organization facilitates 'just in time' coordination of cellular 70 function, wherein genes are transcribed just prior to the utilization of their encoded 71 proteins within a particular metabolic or cell cycle pathway 4-7 . Temporal 72 compartmentalization of gene expression also conserves cellular energy because futile 73 metabolic reactions are avoided. Furthermore, previous research has found that 74 periodically expressed genes in multiple species are among the most energetically 75 expensive to transcribe and translate 4,8 . As such, coordinated periodic transcription --76 rather than constitutive expression -maximizes the efficiency of limited cellular 77 resources. 78 79 Importantly, periodic gene expression is an evolutionarily-conserved process. These 80 highly robust gene expression cycles are observed in both lab and wild prototrophic 81 yeast strains, and in single cells from asynchronous populations 9-11 . Oscillating gene 82 expression has also been observed in nearly one-fifth of all genes in the developing C. 83 elegans larvae 12 . Similarly, mammals undergo circadian rhythms, with oscillations in 84 gene transcription and metabolic pathways coordinated with the day/night cycle 13 . 85 Analysis of the mouse transcriptome across multiple tissues revealed that 43% of protein 86 coding genes exhibit circadian-driven expression oscillations 14 . 87 88
INTRODUCTION
The coordination of cellular function with the environment is essential for adaptation and 42 survival. Cells and organisms have a remarkable ability to sense diverse (i.e. nutrient-43 rich or -limiting) environments and reprogram their energy metabolism and proliferative 44 capacity accordingly. Limiting nutrient environments are ubiquitous throughout nature 45 and range from competitive microorganism growth environments to niches surrounding 46 developing tissues in multicellular organisms. Failure to adapt can lead to cell death, 47 developmental defects, and disease. Indeed, energy metabolism alterations are a major 48 contributing factor for many pathologies, including cancer, cardiovascular disease, and 49 diabetes, which together account for two-thirds of all deaths in most industrialized Previous examination of gene expression in the YMC has revealed that over half of all 62 transcripts undergo periodic expression, with peak levels occurring in one of three 63 phases of the YMC (Fig. 1a) . For example, genes involved in protein synthesis are 64 induced while oxygen is rapidly consumed during the Oxidative phase (OX). Following replicating DNA from genotoxic reactive oxygen species 17 . Cell division frequency can 93 be dynamically altered by nutrient availability and is absent without metabolic 94 oscillations 18, 19 . These studies highlight the critical importance of coordinating cell growth 95 and division with metabolic environments. Without this synchrony, viability of the entire 96 population can be jeopardized as additional cells increase competition for limiting 97 nutrients. 98 99 Although the importance of synchronous metabolic and cell division oscillations is 100 becoming increasingly clear, the identification of regulatory mechanisms for these 101 processes is currently lacking. For example, the co-expression of periodic genes in the 102 YMC has been proposed to be under the control of shared transcriptional regulators that 103 exhibit periodic expression themselves. Although a few of these transcription factors 104 have been identified 20 , the vast majority of YMC transcriptional regulation currently 105 remains unexplained. However, an emerging concept in the field of cellular metabolism 106 is that chromatin modification is an ideal mechanism to orchestrate gene expression in 107 coordination with the metabolic environment 21 . This is primarily because many chromatin 108 modifiers are abundant, regulate a large number of genes, and require intermediary 109 metabolites as enzymatic cofactors. Thus, they can "communicate" metabolic status to 110 the global chromatin environment. Moreover, epigenetic alterations can be rapidly and 111 reversibly induced, and are capable of dynamically directing gene expression in 112 coordination with changing nutrient environments. 113 114 We have recently identified the evolutionarily conserved INO80 complex as a regulator 115 of metabolic function 22 . The INO80 chromatin-remodeling complex restructures and 116 repositions nucleosomes in vitro 23, 24 . In vivo, INO80 is enriched at the +1 nucleosome 117 that plays critical roles in defining chromatin accessibility at promoters 22,25 . The S.
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cerevisiae INO80 chromatin remodeller is composed of 15 subunits 26 that constitute four 119 structurally distinct subunit modules along the Ino80 ATPase 27, 28 . We found that the 120 Arp5-Ies6 module, which is needed for chromatin remodelling catalytic activity 27-30 , 121 regulates expression of genes in energy metabolism pathways. Specifically, arp5D 122 mutants display downregulation of glycolytic genes and an upregulation of genes 123 involved in the oxidative phosphorylation pathway 22 . Accordingly, mitochondrial potential 124 and oxygen consumption are altered in arp5D, ies6D, and ino80D mutants. The INO80 complex is essential for respiration oscillations 143 To determine the role of INO80 in the YMC, we analyzed the effect of genetic disruption 144 of each of the unique, non-essential subunits of the INO80 complex on YMC respiratory 145 oscillations. We found that deletion of the Ino80 ATPase subunit had the most severe 146 effect on the YMC organization, as the culture rapidly lost the ability to periodically 147 respire ( Fig. 1b ). Deletion of ARP8 resulted in a metabolic cycle that prematurely 148 entered the OX phase at the midpoint of RC. While not as severe as the ino80∆ mutant, 149 deletion of either ARP5 or IES6 resulted in rapid oscillations in oxygen consumption ( subfamily 34 , had no effect on the cycle ( Supplementary Fig. 1c ). noticeably clustered closer together, indicating that the differences between these 191 samples are smaller than the differences observed between the wild-type samples. 192 193 To determine if specific metabolic pathways were mis-regulated in the arp5 mutant, we 194 next compared the expression of previously characterized periodic genes 36 within each 195 phase of the YMC (Fig. 2b ). In the arp5∆ strain, although transcripts peaked during the 196 expected phases, expression was markedly attenuated compared with wild-type. 197 Significant differentially expressed (SDE) gene analysis between the mutant and wild-198 type during each phase of the YMC supported the observation of "muted" cycles in the 199 arp5∆ mutant ( Fig. 2c and Supplementary table 1). For example, pathways with peak 200 expression in the wild-type OX phase, such as ribosome biogenesis, are also expressed 201 in arp5∆ mutant at the same time-point. However, these transcripts are identified as 202 significantly down-regulated when compared to wild-type cells because peak expression 203 is dampened in mutant cells ( Fig. 2c ). Conversely, many of these OX phase pathways 204 are comparatively up-regulated in the arp5∆ mutant during the RB phase, because they 205 are not repressed to the same degree as in wild-type cells. This data demonstrates that 206 in the arp5∆ mutant, periodic genes are generally expressed in the corresponding 207 phase. However, the amplitude of periodic expression is dramatically decreased, 208 resulting in YMC phasing that is less defined.
210
Cell division is disconnected from the YMC in the arp5∆ mutant 211 Additional analysis was then performed to identify periodic genes in the arp5∆ mutant 212 that do not exhibit expression in the expected YMC phase. Unsupervised clustering (k-213 means) analysis was performed on previously defined periodic genes 36 after normalizing 214 (z-score) by transcript, time-point, and strain, thereby adjusting the muted expression defects observed in arp5∆ cells. For both wild-type and arp5∆ cells, the vast majority of 216 periodic genes (>3800 genes) clustered into one of three distinct patterns that reflect 217 RC, OX, and RB peak mean expression ( Fig. 3a and Supplemental table 2 ). This 218 supports the observation that while gene expression is dramatically muted in arp5∆ 219 mutants, periodic expression of many genes is still detectable. However, we identified 220 722 genes in arp5∆ mutants with peak expression and k-means clustering in a different 
Loss of INO80 function alters global chromatin accessibility in the YMC
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To assess the influence of the INO80 chromatin remodelling in the YMC, we utilized the 242 Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) 37 . ATAC-243 seq uses a hyperactive Tn5 transposase that preferentially inserts specific adaptors in 244 regions of accessible chromatin. Samples were taken at the same time-points as the 245 RNA-seq ( Fig. 2a ). Similar to the RNA-seq results, PCA illustrates the cyclical 246 relationship among samples ( Fig. 4a ) within PC2 and PC3, while PC1 largely partitioned 247 wild-type and the arp5∆ samples separately ( Supplementary Fig. 2a ). The distribution of 248 samples in the PCA plot is indicative of periodic fluctuations in chromatin accessibility 249 across the YMC. However, the arp5∆ samples were clustered in the center of the plot, 250 suggesting that the differences between these samples were much less pronounced 251 than in the wild-type ( Fig. 4a ). Figure 4b , the wild-type data 270 was much more dynamic than the mutant (Fig. 5a ). In particular, several motifs 271 exhibited comparably large fluctuations in accessibility ( Fig. 5b ), suggesting a relatively 272 large dependence on chromatin manipulation for regulation of those genes. Indeed, 273 periodic expression of these highlighted TF-regulated genes is largely coordinated with 274 accessibility in wild-type cells (Fig 5c) . However, in the arp5∆ mutant, these motifs 275 lacked dynamic accessibility and exhibited significant differential accessibility between 276 wild-type and arp5∆ cells (Benjamini-Hochberg adjusted p<0.01) ( Fig. 5b ). In addition, 277 corresponding gene expression is deregulated ( Fig. 5c ). We then examined accessibility at high resolution across the motifs of these transcription 300 factors ( Fig. 5e and Supplementary Fig. 2b ). We observed that there were striking 301 phase-dependent differences between wild-type and arp5∆ mutant cells. Specifically, 302 when comparing these two strains, Dot6, Sfp1, Reb1, and Abf1 motifs show the greatest 303 difference in accessibility during the OX phase ( Fig. 5e ). In wild-type cells, this peak of 304 accessibility correlates with the peak of expression of genes containing these motifs in 305 their promoters ( Fig. 5b and c), and likely stems from a shared transcriptional program 306 involved in ribosome biogenesis and translation ( Fig. 5d ). Conversely, regions containing 307 Msn2/4 motifs have reduced accessibility during the OX phase, with comparably smaller 308 differences between the wild-type and the arp5∆ mutant ( Fig. 5b ). However, at higher 309 resolution, strain-dependent differences are observed within Msn2/4 motifs during the 310 RB and RC phase ( Fig. 5e ). During these phases of the YMC, Msn2/4-dependent gene 311 expression is induced in the wild-type ( Fig. 5c ) and is enriched in energy metabolism 312 pathways (Fig. 5d ). These results suggest that INO80 activity is necessary to create dynamically accessible chromatin at the motifs of transcription factors important YMC 314 regulation. 315 
316
As previously stated, INO80 is a chromatin remodeler that is enriched at the +1 317 nucleosome 22,25 . Thus, we also assessed promoter proximal nucleosome positioning 318 across the YMC in both wild-type and arp5∆ cells. However, our ability to confidently call 319 nucleosomes was confounded in the arp5∆ mutants due to an overall decrease in 320 predicted nucleosome spanning fragments compared to wild-type samples. The precise 321 origin of this technical limitation is not known. However, it may be a consequence of 322 increased +1 nucleosome "fuzziness", i.e. deviation in mean nucleosome positioning of 323 individual +1 nucleosomes in a cell population, which was previously observed in ino80∆ 324 and arp5∆ mutants 22 . For +1 nucleosomes that could be confidently called, no 325 statistically significant deviations were detected proximal to transcription factor motifs 326 when comparing wild-type to arp5∆ mutants ( Fig. 5f and data not shown). Fig 2c) . No other statistically significant deviations were observed for nucleosomes proximal to other transcription 339 factor motifs (data not shown). This data supports a previously unrecognized role for the 340 INO80 complex in -1 nucleosome positioning at specific metabolic promoters. 341 342 For most transcription factors, these defects in accessibility, gene regulation, and 343 nucleosome positioning do not appear to be due to general gene expression defects of 344 the transcription factors themselves ( Supplementary Fig. 2d ). While many of these 345 transcription factors display periodic expression, which has been previously reported for 346 Msn4 20 , the pattern of expression does not always directly correlate with the expression 347 of other genes that have the motif. However, notable exceptions are Tod6 and Sfp1, 348 which have patterns of transcription factor expression that closely mirror the expression 349 of genes with corresponding motifs in their promoters ( Fig. 5c and Supplementary Fig.   350 2d). Thus, a portion of the defects in metabolic gene expression and chromatin determine the role of TORC1 in the YMC. We first examined Msn2-mediated transcription in greater detail by restricting analysis to highly confident Msn2-regulated 364 genes that have been validated by ChIP (n=88) 50 . Again, we found that Msn2-dependent 365 genes were markedly reduced in the OX phase of the wild-type YMC (Fig. 6a) , when 366 accessibility of Msn2 motif-containing genes is lowest (Fig. 5b) . In the arp5∆ mutant, we 367 observed lower expression of these Msn2-induced genes in the RC phase of the cycle 368 ( Fig. 6a) , with generally static accessibility patterns across the entire YMC at 369 corresponding motifs (Fig. 5b) . Supplementary table 3 ). Analysis of these transcript 375 levels showed that rapamycin-induced genes (TORC1-repressed) have reduced 376 expression during the OX phase (Fig. 5A, bottom) . The expression pattern of these 377 TORC1-repressed genes closely mirrors the pattern of Msn2-regulatd genes. 378 Conversely, rapamycin-repressed genes, (TORC1-induced), have peak expression 379 during the OX phase. In the arp5∆ mutant, this divergent pattern between rapamycin-380 induced and -repressed expression was much less distinguished, demonstrating that Due to the importance of TORC1-signaling in the YMC, treatment with rapamycin 395 resulted in disruption of the YMC at the point of maximal TOR activity (Fig. 6d) . 396 Rapamycin prevented the increase in phospho-Rps6 and acetylation of a number of H3 397 lysine residues which are known to fluctuate across the YMC 53 ( Fig. 6d and data not 398 shown). [Note that rapamycin was prepared in ethanol, which itself can be metabolized, 399 accounting for the transient decrease in dO2. Addition of ethanol alone had no effect on 400 subsequent cycles ( Supplementary Fig. 3a) ]. Addition of acetate has been shown to 401 induce premature entry into OX phase 53 , and as we observed, an increase in TOR 402 activity and histone acetylation ( Supplementary Fig. 3b ). Lastly, genetic deletion of 403 SCH9 or RIM15, downstream components of the TORC1 pathway 54,55 , also either 404 prevented or disrupted metabolic cycles ( Supplementary Fig. 3c ).
406
As mentioned, TORC1-responsive gene expression is muted in arp5∆ cells (Fig. 6a ). 407 Interestingly, we observed that the induction of TORC1 signaling appeared normal in the 408 arp5∆ strain, with a peak in the OX phase, despite the differences in YMC period. Thus, 409 although the upstream TORC1 signaling is intact in the arp5∆ mutant, downstream The INO80 complex regulates chromatin architecture of metabolic genes 457 Our results also demonstrate that chromatin modification is an excellent means to 458 regulate gene expression in coordination with changing metabolic environments. 459 Previous research also supports this model by demonstrating that histone acetylation is 460 tightly coupled to carbon availability 53 , which is converted to acetyl-CoA, an intermediary 461 metabolite and cofactor for histone acetyltransferases. shortened RC phase, which consequently results in a relative elongation of the subsequent OX phase. In order to assess immediate effects of INO80 deletion, we 489 attempted to use an auxin-based degron system to acutely disrupt the function of the 490 INO80 complex 65 . However, the addition of the auxin chemical to a wild-type culture 491 disrupted cycling, preventing the use of this system. Because the bioreactor system that 492 controls the YMC is sensitive to exogenous perturbations, it is likely that inducible 493 systems will be technically limited in the YMC. Nevertheless, the system is an excellent 494 means to study cumulative metabolic effects resulting from constitutive genetic 495 manipulations.
497
The Yeast Metabolic Cycle is a powerful tool for studying metabolic signaling to 498 chromatin 499 As mentioned, TORC1 signaling peaks during the transcriptional transition from 500 quiescence (RC) to growth (OX), and rapamycin treatment inhibits this progression. It 501 has also been reported that PKA-activity fluctuates across the YMC, peaking in OX 502 phase, and that this was sensitive, in asynchronous cultures, to rapamycin treatment 53 . Much like the checkpoints that regulate the cell cycle, the YMC may similarly be 508 regulated by checkpoints that monitor the metabolic status of the cell before commitment 509 to phases that expend cellular resources. The utility of the YMC to investigate these 510 processes is the synchrony between metabolic status and transcriptional output with 511 temporal resolution. Additional research will likely uncover other chromatin modifiers that 512 are needed to enact downstream transcriptional regulation of metabolic signaling 513 pathways.
METHODS
515
Yeast strains and metabolic treatment. 516 Saccharomyces cerevisiae strains were constructed in the CEN.PK background using 517 standard genetic techniques (Supplementary table 4) . Metabolic cycling conditions were 518 performed as previously described previously 3 , except starter cultures were grown in 519 minimal media without sulphuric acid. All strains used were negative for the petite 520 phenotype caused by mitochondrial dysfunction, as assessed by the ability to grow on 
